Innovations in international health require the use of state-of-the-art technology to enable clinical chemistry for diagnostics of bodily fluids. We propose the implementation of a portable and affordable lock-in amplifier-based instrument that employs digital technology to perform biochemical diagnostics on blood, urine, and other fluids. The digital instrument is composed of light source and optoelectronic sensor, lock-in detection electronics, microcontroller unit, and user interface components working with either power supply or batteries. The instrument performs lock-in detection provided that three conditions are met. First, the optoelectronic signal of interest needs be encoded in the envelope of an amplitude-modulated waveform. Second, the reference signal required in the demodulation channel has to be frequency and phase locked with respect to the optoelectronic carrier signal. Third, the reference signal should be conditioned appropriately. We present three approaches to condition the signal appropriately: high-pass filtering the reference signal, precise offset tuning the reference level by low-pass filtering, and by using a voltage divider network. We assess the performance of the lock-in instrument by comparing it to a benchmark device and by determining protein concentration with single-color absorption measurements. We validate the concentration values obtained with the proposed instrument using chemical concentration measurements. Finally, we demonstrate that accurate retrieval of phase information can be achieved by using the same instrument.
I. INTRODUCTION
Innovations in Global Health technologies require robust developments, capable of providing reliable information in adverse circumstances. We have previously created MEDIK (Medical Device Innovation Kit) consisting of modular components that enable physicians and nurses in low-resource settings to design technological solutions that address Global Health challenges unique to their work environment. 1, 2 One such challenge is the determination of the presence and concentration of chemical constituents in bodily fluids for disease diagnosis. For this purpose, it is necessary to perform spectroscopic measurements of light-attenuation and/or -phase.
As is the case in any Global Health Initiative, the solution implemented should satisfy several important requirements: portability, robustness, and cost-effectiveness. The purpose of this work is to present an approach that provides the aforementioned characteristics for measuring bodily chemical components, with the aid of reagents. This endeavor relies on accurate determination of absorbance information. We propose to perform such optical attenuation (and phase) measurements with the use of a portable lock-in instrument using digital signals.
The microcontroller is playing a major role in the development of cost-effective technology. 3 For our purposes, a microcontroller-based solution is ideal because it provides the portability needed. Furthermore, the implementation of the proposed solution should be economical, and digital technology provides a means to accomplish this. Finally, ideal laboratory conditions are seldom encountered in Global Health undertakings. Therefore, a robust solution is indispensable. For this reason, a salient feature of our instrument is the use of a balanced modulator/demodulator circuit to make our measurements immune to environmental noise.
This work is divided into five sections. Section II deals with the instrument description, including circuit design for lock-in detection. We assess the performance of the circuit measuring (electrical) attenuation using digital signals. In Sec. III, we validate instrument performance and describe the method needed to determine protein concentration. In Sec. IV, we briefly discuss the use of the instrument as a phase detector of optoelectronic digital signals. Finally, in Sec. V, we summarize the results of this work and present future directions of our research.
II. INSTRUMENT DESCRIPTION
The instrument is composed of three main parts: (1) light source and optoelectronic sensing unit, (2) microcontroller and lock-in detection electronics, and (3) user interface components.
As optical source, we utilize a light emitting diode (Bivar, RGB LED Orca R Series) with red, green, and blue emission with measured center wavelengths of 640 nm, 515 nm, and 460 nm, respectively. We have tested several approaches for the sensing unit. One cost-effective approach is to employ a monolithic photo-detector and transimpedance amplifier circuit (Texas Instruments, OPT101). A second approach is to assemble the photo-detector and amplifier separately. 4, 5 Due to portability constraints, we decided to mount the monolithic detector in the instrument.
The design and functioning of the microcontroller and detection electronics will be discussed in detail in Sec. II A. However, it is worth noting that the user interface components are composed of a liquid crystal display (AZ Displays, ACM1602K) and push buttons for selection of operation wavelength. The user interface components are operated by the microcontroller unit.
A. Lock-in circuit design and performance
We are interested in translating technology that is portable and reliable to address Global Health undertakings. The employment of a balanced demodulator circuit can provide a means to accomplish portable lock-in detection. Previously a microcontroller-based lock-in amplifier has been reported for the measurement of low-level optical signals, such as those encountered in absorbance measurements. 6 In addition, digital signal processing units have been employed to develop cost-effective lock-in amplifiers. [7] [8] [9] Nonetheless, the physical dimension and electrical requirements of these devices may be prohibitive when addressing Global Health challenges. It is, therefore, a purpose of this work to provide an alternative to enable portable lock-in detection with digital signals.
We seek to implement a lock-in amplifier circuit using digital signals for our needs. The implementation we suggest is capable of measuring attenuation and phase with digital signals. The circuits required for such measurements are shown in Fig. 1 . The main components of the circuits are the microcontroller and a balanced modulator/demodulator. In fact, the difference between schemes resides in the mode of operation of the balanced circuit: Fig We use an ATmega328P microcontroller (Atmel Corporation) built into an Arduino UNO board (Smart projects). In addition, we use the AD630 (Analog Devices) chip as balanced modulator/demodulator. We selected this specific balanced modulator/demodulator in order to provide continuity with prior research efforts. Nonetheless, alternative circuits exist and could be used. 10 The AD630 circuit was previously employed in the construction of cost-effective lock-in amplifiers for analog signals. 11 However, there is as yet a lack of information regarding the implementation of the AD630 with digital signals. 12 We utilize the microcontroller as the circuit driver. Usable frequencies range from DC to 8 MHz. In addition, variable delays may also be generated with the microcontroller. One clock-cycle of the microcontroller, oscillating at 16 MHz, determines the minimum possible delay.
In order to couple the microcontroller signals to other circuits, we need to account for the output impedance of the digital outputs. We assume an output impedance of 50 . A way to verify this assumption is by measuring the characteristic RC curve of a determined output port at a specific frequency, ideally the working frequency. From the RC curve for a 1 μF, with 10% tolerance, and a frequency of 2 kHz, we determined the output impedance of the microcontroller. Considering the 10% tolerance of the capacitor, the output impedance varied from 41.1 to 50.2 . Therefore, the assumption of 50 for the output impedance is valid. We will treat every digital output as a Transistor-Transistor Logic (TTL) driver with 50 impedance.
B. Signal conditioning
In order to implement the lock-in amplifier-based circuit, we first need to verify that the balanced modulator/demodulator can be driven by a digital signal. For this purpose, we implement the circuit in the modulator configuration, shown in Fig. 1(a) , and seek to create amplitude modulation (AM). Nevertheless, since our driving signal is digital, the amplitude should remain constant.
We then configure the circuit as a balanced modulator with unitary gain. 12 The response is shown in channel 1 of Fig. 2 and would seem to indicate that the use of digital signals is not plausible. Previously, the utilization of TTL signals for lock-in detection was reported to exhibit a similar behavior.
11 However, we have established a suite of signal conditioning methods to overcome this issue.
The electronics of the balanced modulator/demodulator chip underline the utilization of a comparator for the reference channel. Therefore, a first approach to condition the digital signal for adequate performance is to ensure that it crosses the reference level. We propose to high-pass filter the reference digital signal to ensure performance, since ground is suggested as reference level. 12 In order to build the high-pass filter, we take into consideration the output impedance of the microcontroller. In channel 2 of Fig. 2 , we depict the behavior of the circuit when using high-pass filtering.
As expected, the signal exhibits AM. Although the circuit performs as expected in a strict sense, we modified the digital signature of the signal. Nonetheless, the insight gained from high-pass filtering the reference signal serves to propose another set of solutions. We suggest a change in the reference level. By selecting an adequate reference level, we should be able to use digital signals. A first approach is to low-pass filter a digital output of the microcontroller. The DC component of such signal will set an appropriate reference level for the AD630 chip. In channel 3 of Fig. 2 , we show the response of the balanced modulator when using low-pass filtering. The modification of the reference level enables the circuit to work appropriately with digital signals, exhibiting AM. A final approach to condition the signal adequately can be deduced from these previous remarks. We may activate a digital output and employ a voltage divider network that equally splits the high-level voltage. We then feed the (split) reference voltage to the chip. In channel 4 of Fig. 2 , we depict the performance of the circuit and demonstrate that the modulator works adequately, providing AM.
We are now in a position to configure the circuit as a lock-in detector that works with digital signals. Nonetheless, it is instructive to describe in detail the necessary circuits to condition the signal appropriately. In Fig. 3 , we present the approaches employed in this work to achieve signal conditioning.
Configuration (1) in Fig. 3 corresponds to the scenario where signal conditioning is absent. In (2), we modify the reference signal by means of a high-pass filter (3rd order Butterworth). In addition, we buffer the reference level. In scheme (3), the reference signal retains its digital signature and we buffer the same. Furthermore, we set the reference level by using a low-pass filter (3rd order Butterworth). Arrangement (4) shows a buffered reference signal and the use of a voltage divider network to fix the reference level.
Channels 1, 2, 3, and 4 of Fig. 2 depict the response of the circuit, whenever the corresponding schemes of Fig. 3 are utilized. Moreover, both in Figs. 1 and 3 , we include the signals fed to the conditioning section and, therefore, to the comparator. Hereafter, we utilize the voltage divider network in the conditioning section in order to measure attenuation and phase with digital signals. In addition, for low-pass filtering we use the circuit shown in scheme (3) of Fig. 3 .
Unless adequate signal conditioning is employed, the circuit will not function with digital signals. In turn, this impediment would prohibit the implementation in Global Health undertakings. A function generator as a driver is non-ideal while working in the field.
C. Lock-in configuration and attenuation measurements
We now turn our attention to the implementation of the circuit as a lock-in amplifier. For this purpose, we employ the circuit in demodulator mode. Therefore, the required circuit configuration is the one shown in Fig. 1(b) .
The circuit will perform lock-in detection provided that three conditions are met. First, the signal of interest should be encoded in the envelope of an AM waveform. Second, the reference signal, required in the demodulation channel, has to be frequency and phase locked with respect to the carrier signal. Third, as mentioned in Sec. II B, the reference signal should be conditioned appropriately.
Next we describe a method to generate the digital AM waveform that is necessary for lock-in detection. A laboratory Rev 
Signal Conditioning
The schemes utilized to condition the signal include: (1) direct connection, (2) high-pass filtering the reference signal and using the ground as reference level, (3) low-pass filtering a digital output and using it as reference level, and (4) precise offset tuning of the reference level with a voltage divider network. In (3) and (4), reference signals are buffered and retain their digital signature.
function generator can also be utilized as the driver. In the circuit of Fig. 1(b) , we would replace the microcontroller for the function generator in order to accommodate the latter. The utilization of a function generator, however, is prohibitive in terms of portability and cost. We employ the microcontroller and an adding-inverter op-amp circuit to create the digital AM signal. Two counters of the microcontroller are necessary to generate carrier and envelope waveforms. The envelope counter controls the process. Each rising edge is used to deactivate the carrier counter, thus generating a quasi-digital AM signal. The envelope has a frequency of 976.5625 Hz, equivalent to 16 384 clock-cycles.
Meanwhile, the carrier oscillates at 7.8125 kHz or every 2048 clock-cycles. Additionally, both counters are phase-locked.
The adding-inverter op-amp circuit converts the quasidigital AM signal into a digital AM waveform. We add the quasi-digital AM waveform to the envelope signal, and employ a voltage divider network to fine tune the AM output. More complex microcontroller units, such as the ATmega2560 (Atmel Corporation) provide alternative modulation schemes to generate the quasi-digital AM waveform. 13 In Fig. 4(a) , we show the microcontroller envelope, the quasidigital AM waveform, and the digital AM signal. We also show a function generator (Tektronix, AFG3102) digital AM signal as reference. For clarity, in the figure we employ an offset to distinguish between traces. Additionally, in Fig. 4(b) we depict the adding-inverter op-amp circuit. An optional buffer (not shown) can be utilized at the output of the adding-inverter circuit.
A salient aspect of this implementation is that we use counters for the generation of the needed waveform. Therefore, negligible processor time is required during execution. In fact, the processor only executes one instruction (triggered by an interrupt of the envelope counter) to generate the digital AM signal. The code necessary to generate the digital AM signal may be obtained from the authors.
A limiting case for the AM digital signal occurs when the envelope frequency is close or identical to zero. In such case, the information of interest is encoded in the DC component of the demodulated signal. Furthermore, the proposed system is capable of providing a mechanism to perform amplitudeshift keying (ASK). In fact, the traces shown in Figs. 2 and 4 are special cases, where the binary ASK pattern is kept constant. Finally, the use of a microcontroller unit is ideal to create complex binary patterns for ASK.
The approach suggested in this work enables: (1) the signal of interest to be AM, (2) sample (carrier) and reference channels to be frequency and phase locked, and (3) adequate reference signal conditioning. These are the requisites to test the lock-in detection circuit. We perform attenuation measurements to test circuit performance. We use the configuration shown in Fig. 1(b) for this purpose.
The measurement procedure is as follows. A digital signal with known attenuation is input to the demodulator circuit, R A in Fig. 1(b) . Then, a frequency and phase locked copy of the carrier signal is sent to the conditioning section to serve as reference. The determination of attenuation is achieved by low-pass filtering the demodulated output, V out in Fig. 1(b) . The attenuation data obtained from the circuit and depicted in Fig. 5 correspond closely to the reference information. In Sec. III, we validate the instrument and perform measurements of optical attenuation employing the principles described before.
III. INSTRUMENT VALIDATION AND PROTEIN DETERMINATION FROM ABSORBANCE VALUES
In the field of Global Health, the determination of chemical constituents in the body plays a significant role. For example, a patient in a rural clinic could be directed to a hospital in a neighboring city if her blood glucose levels were found to be outside of the normal range (70-200 mg/dl).
14 Alternatively, a patient with early signs of kidney failure would need to be tested for creatinine and protein clearance in urine. A portable, reliable, and affordable instrument would be required for measuring all of these levels. In Fig. 6 we depict the instrument described in this work and proposed to determine the concentration of chemical constituents.
Initial prototypes without quantitative capabilities were evaluated for portability and usability in clinics in Managua, Nicaragua in 2011. Following this trial, the prototypes were modified to the modularized version seen in Fig. 6 . This instrument includes separate enclosures for each component allowing for added portability and ease of maintenance. In Fig. 6 , the enclosure lids have been removed and the main components of the instrument are visible. The light source and optoelectronic sensing unit are used to probe the sample in the cuvette. Driving and lock-in circuitry are located in the mid- dle of the instrument. Power supply electronics and user interface components are also shown. The instrument design is modular, constructed with conventional 3D printing schemes. Finally, for field applications two 9 V batteries may substitute the power supply electronics. We validated the instrument by measuring the discrete spectra of a known absorber (black ink). We compared the values of our instrument to those of a high-end device (Varian Inc., Cary 5000 Spectrophotometer).
In order to perform the analysis, we utilized the optoelectronic source and detector mentioned before for the measurements of single color absorption. The light source provided three wavelengths for the validation: 460 nm, 515 nm, and 640 nm. We prepared three samples of the absorber in a 4 ml plastic cuvette. The volumetric concentrations were 6/4000 μl/μl, 10/4000 μl/μl, and 12/4000 μl/μl, respectively. The spectrum was then measured with the benchmark instrument and the device described in this work. Water was used for normalization. In Fig. 7 , we show the validation results. As shown in Fig. 7 , measured and reference spectra for the three absorbing samples (6/4000 μl/μl circles, 10/4000 μl/μl squares, and 12/4000 μl/μl triangles) correspond, validating the performance of the instrument. After validation, we set out to measure chemical constituents for Global Health Initiatives.
A standard approach to measure bodily chemical components is by employing quantitative reagent-based colorimetric tests. One goal of this section is to demonstrate that the instrument described in this work yields accurate protein values while performing such tests. Hereafter, we briefly describe how the colorimetric tests are performed. Further information is readily available. 15 The three components that are necessary to perform the colorimetric tests are: reagent, standard, and sample. Bovine serum albumin (Sigma Aldrich) in de-ionized water was utilized as the protein sample in this proof-of-concept demonstration and was detected by the instrument using the Total Protein LiquiColor Test manufactured by Stanbio Laboratory. 15 Specific volumes of each component are prepared according to the test manufacturer's instructions. If needed by the reaction, the volumes are incubated. After, spectrophotometric measurements are performed at a single color. In our case, the reading wavelength was 500 nm. However, the spectrum is not restricted to a single wavelength but rather to a range, for example, 492-530 nm. 16 Concentration values are recovered from the absorbance measurements, by utilization of predefined calculations provided by the manufacturer. Use of the RGB LED facilitates the measurement of multiple chemical components by selecting appropriate reagents.
As seen from Fig. 4(a) , the digital AM signal provides an offset value of 2.5 V and a 100% modulation depth. With this signal, we are capable of driving LED technology. The light source is thus AM.
An important consideration to keep in mind is that the detected signal will be a digital AM waveform (provided that the detection optoelectronics are well compensated), with a predetermined offset. Such offset should be filtered before the signal is coupled to the demodulator circuit.
We tested the instrument with serial dilutions of protein samples at various concentrations. We prepared known concentrations of proteins, as described above, and the samples were then measured with our single-color lock-in spectrophotometer. Protein concentrations obtained from the instrument and reference values determined with the use of a laboratory pipette are depicted in Fig. 8 .
Despite being open to the ambient environment allowing for variable lighting, the values obtained from the instrument, and shown in Fig. 8 , correspond closely to the reference information (linear fit slope 1.03 and abscissa intercept −0.42).
The approach presented in this work to determine chemical constituents with single-color absorption data is immune to environmental noise, cost effective, and portable. These features satisfy the requirements to address Global Health undertakings.
IV. DISCUSSION
The emphasis placed on this work is on the functioning of the instrument as a spectrophotometer using single color measurements. However, phase-modulated spectrophotometers are utilized to determine the absorption properties of turbid samples, as found in human tissue. The building block of such devices is conformed of an optical source-detector pair, capable of measuring accurately the RF phase delay of light traversing turbid media. In fact, by utilizing heterodyning techniques, the phase measurements can be performed on the kHz range. 17 The instrument described in this work can be utilized to measure phase accurately. More specifically, the balanced circuit must be configured as a modulator to measure phase. With adequate signal conditioning, the circuit depicted in Fig. 1(a) is able to perform phase measurements. Since the circuit is working as modulator, a system with matched phase should exhibit the highest output voltage, 2.5 V in our case. Furthermore, a delay equivalent to 90
• should produce an output voltage of 0 V. These relations are considered for interpolation purposes.
In Fig. 9 we depict measured voltage and recovered phase information as a function of reference phase values. We determine reference phase values from the configuration of the microcontroller. The phase information recovered using the balanced modulator, and shown in Fig. 9 , precisely matches the reference data. Fig. 9 serves to emphasize an important feature of the instrument described in this work. The instrument provides flexibility for different spectrophotometric applications, while satisfying the conditions of portability, robustness, and affordability necessary for Global Health Initiatives.
V. SUMMARY AND FUTURE WORK
In this work we have described the use of state-of-theart technology, as needed in the field of international health. We proposed the implementation of a portable and affordable lock-in amplifier-based instrument that employs digital technology to measure bodily chemical components, with the aid of a reagent.
The instrument performs lock-in detection provided that three conditions are met. First, the optoelectronic signal of interest needs be encoded in the envelope of an AM waveform. Second, the reference signal, required in the demodulation channel, has to be frequency and phase locked with respect to the optoelectronic carrier signal. Third, the reference signal should be conditioned adequately.
We presented three approaches to condition the signal appropriately: high-pass filtering the reference signal, precise offset tuning the reference level by low-pass filtering, and by using a voltage divider network.
We assessed the performance of the lock-in instrument by comparing it to a benchmark device and by determining protein concentration with single-color absorption measurements. We validated the concentration values obtained with the proposed instrument using chemical concentration measurements (linear fit slope 1.03 and abscissa intercept −0.42). Finally, we demonstrated that accurate retrieval of phase information is possible by using the same instrument.
The next step in our research will be to return to the field to use the lock-in instrument to measure bodily chemical components in field trials.
